Dronpa Green, 17 18 2/33 Summary statement 19 In response to a focal mechanical stimulus, PKC in an endothelial cell was initially translocated 20 toward distinct spots near or at the membrane and then accumulated at the stimulus point. 21 22 34 results indicated that at least Ca 2+ influx through MS channels is required. Our results support the 35 implication of PKC in the Ca 2+ signaling pathway in response to mechanical stress in ECs. 36 37 38 39 PKCα, which belongs to the conventional PKC family, plays an important role in vascular 40 disease regulation, such as heart failure, atherosclerosis, endothelial cell (EC) proliferation, and 41 endothelial barrier function (Konopatskaya and Poole, 2010). The cell membrane receptors are 42 activated by various hormones and growth factors, resulting in the hydrolyzation of the membrane 43 phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC) into 44 inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 is released into the cytosol and acts 45 as the intracellular store for Ca 2+ release from the endoplasmic reticulum (ER). Finally, PKCα is 46 activated and recruited to the plasma membrane by both C1 and C2 domains, which bind DAG and 47 Ca 2+ , respectively. 48 ECs line the interior surface of blood vessels; therefore their functions are also regulated by 49 various mechanical stresses, such as mechanical stretch and shear stress and pressure from the 50 blood stream. Accordingly, the membrane receptors are activated by these mechanical stresses, and 51 G-protein-coupled receptors (GPCRs) play crucial roles in the mechanical stress-induced signaling 52 pathways (Li and Xu, 2000; Li and Xu, 2007). Furthermore, the mechanical stresses directly 53 activate tyrosine kinase-coupled receptors (RTKs) in smooth muscle cells (SMC), including 54 platelet-derived growth factor receptor (PDGF-R) (Li et al., 2003; Tanabe et al., 2000), resulting in 55 the activation of PKC (Li et al., 2003), which is one of the novel PKCs and is activated by DAG 56 alone. PDGF is activated by mechanical stress (Hu et al., 1998; Ma et al., 1999; Tanabe et al., 57 2000), and it activates PKC, which is one of the novel PKCs, involving PLC (Moriya et al., 58 1996). While the intracellular Ca 2+ increases in response to mechanical stretch via Ca 2+ -permeable 59 mechanosensitive (MS) channel activation in human umbilical endothelial cells (Naruse and 60 Sokabe, 1993), the inhibition of the MS channel prevents this Ca 2+ wave from propagation. 61 Tsukamoto et al. reported that PLC was activated in parallel with the intracellular Ca 2+ wave in 62 5/33
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Abstract 23 We observed the kinetics of protein kinase C (PKC and the intracellular Ca 2+ wave in 24 endothelial cells (ECs) in response to microscopic mechanical stress to investigate the effect of 25 mechanical stress on PKC translocation. The results show that a focal mechanical stimulus 26 induced biphasic and directional PKC translocation; PKC initially translocated toward distinct 27 spots near or at the membrane and then accumulated at the stimulus point. The low initial 28 translocation occurred simultaneously in parallel with the increase in Ca 2+ . Initial translocation was 29 inhibited in spite of Ca 2+ increase when the diacylglycerol (DAG) binding domain of PKC was 30 inhibited, suggesting that translocation requires intracellular Ca 2+ increase and DAG. On the other 31 hand, high secondary translocation was delayed, occurring after the Ca 2+ wave; however, this 32 secondary translocation occurred even when Ca 2+ release from the endoplasmic reticulum was 33 inhibited, while it did not occur when the mechanosensitive (MS) channel was inhibited. These 4/33 Introduction 6/33 distributed homogeneously throughout the cytoplasm, and absent in the nucleus. Stimulation with 86 ATP and PMA caused the transient translocation of PKC-DG to all parts of the plasma membrane 87 and its depletion in the cytoplasm. 88 Figure 2 shows the representative intracellular Ca 2+ wave (A) and PKC translocation (B) 89 in response to a focal mechanical stimulus. The fluorescent intensity of Ca 2+ decreased at 10 s, 90 indicating an increase in intracellular Ca 2+ (Fig. 2A) , and gradually returned to baseline ( Fig. 2A) . 91 Regarding PKC, the intensity increased gradually until 20 s, and then decreased. Although many 92 pharmacological studies have revealed that PKC was translocated to the plasma membrane due to 93 a pharmacological stimulus, such as ATP ( Fig. 1) , our results suggested that PKC was translocated 94 to the stimulus point by a microscopic mechanical stimulus. Moreover, to analyze the translocation 95 in detail, the image before stimulation (at 0 s in Fig. 2B ) was subtracted from each image (Fig. 2B ). 96 The resulting image revealed that the fluorescent intensity was distributed at the membrane of the 97 cell and, particularly, that it was not homogenous but rather at a distinct spot near or at the 98 membrane close to the stimulus point ( Fig. 2C ). Fig. 2D shows the averaged fluorescent intensity 99 ratio as a function of time at a distinct spot near the membrane, cytosol, and stimulus point. 100 Especially, to demonstrate the inhomogeneous translocation of PKC, the intensity ratios at the 101 membrane were presented at points both near and far from the stimulus point. Ca 2+ intensity 102 decreased gradually and reached the minimum at approximately 7.5 s after stimulus, and then 103 gradually increased. Compared among regions, Ca 2+ intensity changed at the stimulus point, in the 104 cytoplasm, and then at the membrane. PKC intensity decreased soon after the stimulus since the 105 membrane was pushed by the mechanical stimulus, which was observed in the previous study 106 (Tsukamoto et al., 2010) . Thereafter, it increased gradually at the membrane, particularly near the 107 stimulus point, and at the stimulus point, but not in the cytosol. At the membrane near the stimulus 108 point, the intensity reached its maximum at 9.2 ± 0.6 s (mean ± SE), and decreased gradually and 109 returned to base level at approximate 30 s. On the other hand, the intensity continued to increase at 7/33 the stimulus point after it had reached the maximum of the surrounding membrane, reaching a 111 maximum at 21.7 ± 1.5 s (mean ± SE). Finally, it returned to base level at approximate 80 s. The 112 peak intensities at the stimulus point and at the membrane near the stimulus point were 2.60 ± 0.10 113 and 1.62 ± 0.05 (mean ± SE), respectively. The peak time and intensity were significantly delayed 114 and were higher at the stimulus point than at the membrane. Here we refer to PKC translocation at 115 a distinct spot near to the membrane and at the stimulus point as the initial and secondary 116 translocations, respectively. The initial translocation occurred simultaneously with Ca 2+ increase; 117 however, the secondary translocation occurred after the Ca 2+ activity, which is not consistent with 118 previous pharmacological reports (Lenz et al., 2002; Oancea and Meyer, 1998; Schaefer et al., 119 2001; Sinnecker and Schaefer, 2004 ). Figure 4C shows the resulting image of PKC after subtracting the image 125 before stimulation, and PKC translocated toward the membrane. Figure 4D shows the averaged 126 fluorescent intensity ratio as a function of time. In contrast to the inhibition of its translocation 127 under the C1 domain, PKC was translocated to a localized spot near membrane; however, the 128 fluorescent intensity did not return to base line at 80 s. PKC intensity at the stimulus point did not 129 increase, and the secondary translocation at the stimulus point was not observed. 130 Figure 5 shows the representative intracellular C 2+ wave (A) and PKC translocation (B) 131 under the inhibition of Ca 2+ release from the ER. Ca 2+ intensity changed in the stimulated cell only, 132 and not in the neighboring cells. Figure 5C shows the subtracted image of PKC using the image 133 before stimulation, and PKC translocated toward the membrane, particularly near the stimulus 134 point. Figure 5D shows the averaged fluorescent intensity ratio of Ca 2+ and PKC-DG. Because of 8/33 the Ca 2+ influx from the extracellular medium, a Ca 2+ wave was observed and the maximum 136 intensity at the stimulus point did not differ significantly from that of the control (Fig. 2 ). Regarding 137 PKC kinetics, the intensity reached its maximum (2.11 ± 0.07, mean ± SE), (1.52 ± 0.07, mean ± 138 SE) at 21.9 ± 2.0 s and 7.8 ± 0.7 s at the stimulus point and at the membrane near the stimulus 139 point, respectively. The peak time and intensity were significantly delayed and higher at the 140 stimulus point than at the membrane, suggesting that both initial and secondary translocations were 141 exhibited as control group (Fig. 2) . Moreover, the initial translocation also occurred simultaneously 142 with the Ca 2+ increase. On the other hand, when the Ca 2+ influx from the extracellular space was 143 inhibited by the MS channel inhibitor ( Fig. 6 ) and the removal of extracellular Ca 2+ (Fig. 7) , PKC 144 did not translocate at the stimulus point. particularly, both the Ca 2+ wave and the PKC 145 translocation were not observed under the MS channel inhibitor (Fig. 6 ). The initial decrement due 146 to the mechanical push was observed only when the MS channels were inhibited ( Fig. 6 ). When the 147 extracellular Ca 2+ was removed ( Fig. 7) , Ca 2+ increased because Ca 2+ was released from the ER. 148 However, the maximum value was not significantly lower than that at the control (Fig. 2) and under 149 the inhibition of Ca 2+ release from the ER (Fig. 5 ). Figure 7C shows the image of PKC after 150 subtracting the image before stimulation. PKC intensity at the membrane near the stimulus point 151 increased and reached its maximum (1.38 ± 0.05, mean ± SE) only at 8.1 ± 1.3 s, indicating that the 152 initial translocation of PKC only was exhibited when the extracellular Ca 2+ was removed. This 153 initial translocation also occurred simultaneously with Ca 2+ increase. 154 155 Discussion 156 PKC is activated by both Ca 2+ and DAG, and the hallmark of its activation is its 157 translocation from the cytosol to the plasma membrane (Newton, 2001) . In particular, PKC is 158 translocated homogenously to the membrane under pharmacological agents, as shown in Fig. 1 . On 9/33 the other hand, previous studies using physiological agonists reported PKC translocation is 160 regulated by temporal and spatial changes in intracellular Ca 2+ and that PKC is translocated to 161 different areas of the cell membrane depending on the Ca 2+ influx from extracellular space (Maasch 162 et al., 2000) . In this study, we investigated PKCα translocation in the ECs in response to a 163 microscopic mechanical stimulus using a DG fusion protein which exhibited the properties of the 164 intact PKC. Our results show that a focal mechanical stimulus induced a biphasic and directional 165 PKC translocation; namely, PKC initially translocated toward distinct spots near or at the 166 membrane, especially near the stimulus point, and then accumulated at the stimulus point. The low 167 initial translocation occurred simultaneously with the increase in intracellular Ca 2+ , while the high 168 secondary translocation was delayed, occurring after the Ca 2+ wave, it required Ca 2+ influx through 169 MS channels. 170 A focal mechanical stimulus induced the microscopic mechanical stress on the cell 171 membrane. Several membrane proteins, such as growth factor receptors, GPCRs, ion channels, 172 caveolins and pumps could be candidate mechanosensors in the membrane (Li and Xu, 2007) . 173 Mechanical stress activates RTKs including PDGF-R, which regulates PKC, leading to the 174 migration of smooth muscle cell (Li et al., 2003) . On the other hand, G proteins, which include 175 small molecular G proteins and heterotrimeric G proteins, could be activated by mechanical stress 176 (Erickson et al., 2001; Gudi et al., 1998; Ishida et al., 1997; Yellowley et al., 1999) and implicated 177 in the mechanical stress-induced signal pathways (Li and Xu, 2007) . These candidate 178 mechanosensors may be essential in biphasic PKC translocation in response to mechanical stress. 179 Maasch et al. demonstrated that localized Ca 2+ determined the spatial and temporal PKC 180 translocation in rat vascular smooth muscle cell, and reported that thrombin acting on GPCRs 181 induced rapid PKC translocation; on the other hand, PDGF acting on PGDF-R in RTKs induced 182 slow PKC translocation (Maasch et al., 2000) . Thrombin induced a PKC translocation to spots 10/33 near the membrane at 30 s and was reversible after 2 min, while PDGF induced a translocation to 184 the membrane within 60 s and was reversible after 8-9 min (Maasch et al., 2000) . Additionally, 185 thrombin-and PDGF-induced translocation of PKC require different Ca 2+ resources; thrombin-186 induced translocation is dependent on Ca 2+ release from the ER and PDGF-induced translocation is 187 dependent on Ca 2+ influx from the extracellular space (Maasch et al., 2000) . Indeed, our results 188 show that the initial translocation-but not the secondary translocation-was observed when 189 extracellular Ca 2+ was removed (Fig. 7) , and that secondary translocation was observed in spite of 190 the inhibition of Ca 2+ release from the ER (Fig. 5 ). Even when Ca 2+ release from the ER was 191 inhibited, initial translocation was observed ( Fig. 5 ), and possibly Ca 2+ influx from extracellular 192 space may be substitute for Ca 2+ release from ER. Our results suggested that both the initial and the 193 secondary translocations require Ca 2+ increase, and for the secondary translocation specifically, 194 Ca 2+ influx from the extracellular space is necessary. Since both GPCRs and RTKs are activated by 195 mechanical stretch stresses (Hu et al., 1998; Li and Xu, 2007; Li et al., 2003) , the focal mechanical 196 stimulus in this study may activate both receptors microscopically. GPCRs and RTKs may be 197 implicated in both the initial and the secondary translocations independently, resulting in the 198 different activation timing of PKC. 199 Previously, the translocation kinetics of PKC were parameterized by fitting a modified 200 Bateman equation, as follows (Schaefer et al., 2001; Sinnecker and Schaefer, 2004) :
where R is the ratio of fluorescenct intensity at the translocation region (accumulated distinct point 203 near the membrane or stimulus point) to the non-translocation region (cytoplasm), R0 is the ratio in 204 resting cell just before stimulus, S is the constant, and t is time. The terms kon and koff are the rate 205 constants for association and dissociation, respectively. In this study, the initial translocation was 206 observed under the control and inhibition of Ca 2+ release from the ER, and the removal of 207 extracellular Ca 2+ , and the secondary translocation was observed under the control and inhibition of 11/33 Ca 2+ release from the ER; therefore, these phenomena were quantified by fitting each translocation 209 kinetic to Eqn 1 (Table 1) . Regarding the initial translocation, there were no significant differences 210 between the three conditions, and PKC was activated with an increase in Ca 2+ concentrations. 211 PKC repetitively translocated during Ca 2+ oscillation with a tight coupling to the frequency of 212 Ca 2+ waves in human embryonic kidney cells under 20 M carbachol (Schaefer et al., 2001) . 213 Moreover, there were no significant differences in kon and koff, and the initial translocation exhibited 214 konkoff under these conditions, with ranges of 0.17 s −1 -0.20 s −1 and 0.16 s −1 -0.18 s −1 , respectively.
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These results are similar to those using pharmacological agents (Sinnecker and Schaefer, 2004) , 216 suggesting that the initial translocation in response to a focal mechanical stimulus may have the 217 same mechanism as pharmacological agents involving GPCRs. Although extracellular Ca 2+ was 218 chelated by exchanging the extracellular medium for medium containing EGTA, the intracellular 219 Ca 2+ wave was nevertheless observed (Fig. 7B) , which is consistent with the previous study of PLC 220 activation in mechanical simulation (Tsukamoto et al., 2010) . This PLC activation was involved in 221 the Ca 2+ release from the ER and the Ca 2+ wave in response to the mechanical stimulus (Tsukamoto   222   et al., 2010) , suggesting that DAG may be also produced. Furthermore, despite the Ca 2+ wave, the 223 initial translocation was not observed under the inhibition of the DAG-dependent C1 domain of 224 PKC (Fig. 3) . These results suggested that this initial translocation required an increase in Ca 2+ 225 and the DAG-dependent C1 domain of PKC. In contrast, there was no significant difference in kon 226 and koff of the secondary translocation between two conditions, and the values were significantly 227 smaller than those of the initial translocation, indicating that mechanics of the each translocation 228 might be different. 229 In this study, in response to microscopic mechanical stress, initial translocation was toward 230 distinct spots near or at the plasma membrane-particularly near the stimulus point-and secondary 231 translocation was at the stimulus point. As discussed above, the initial and secondary translocations proposed that the local Ca 2+ increased the affinity of binding sites for PKC membrane for the 236 possible mechanism (Maasch et al., 2000) . A small increase in Ca 2+ increases the interaction 237 between PKC and the membrane, and a further increase would lead to PKC activation in these 238 areas (Luo and Weinstein, 1993; Maasch et al., 2000) . Medkova (Fig. 2D, 5D, and 7D ). On the other hand, since the 254 secondary translocation is dominated by the Ca 2+ influx from the extracellular space, PKC could 255 be accumulated at the focal mechanical spot.
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PKC was translocated toward the membrane in response to mechanical stress despite the 257 inhibition of the C2 domain, and this activation endured for longer than the other initial 258 translocation (Fig. 4) . Previous studies report that mechanical stress activates PLC (Tsukamoto et   259 al., 2010) and may produce DAG, and deletion of the C2 domain of PKC abolishes the 260 translocation by ionomycin (Maasch et al., 2000) . Therefore, this mechanism should not be the 261 same as the initial translocation, in which both Ca 2+ and DAG may be involved, but may instead be 262 dominated only by DAG. PKC is activated directly by phorbol ester, which is analogous to DAG, 263 and this mechanism might be different from the initial translocation (Medkova and Cho, 1999) . As 264 the different mechanism, reversible and irreversible activations of PKC were proposed. Based on 265 this mechanism, phorbol ester induced sustained activation of PKC by forming an irreversible PKC 266 membrane complex (Kazanietz et al., 1992) . On the other hand, DAG acted through a reversible 267 complex (Bazzi and Nelsestuen, 1989 ) and its activation was short-lived because DAG was rapidly 268 metabolized (Newton, 2001) ; both, however, caused a dramatic increase in the affinity of PKC for 269 membranes, serving as "molecular glue" to recruit PKC to the membrane (Newton, 2001 (Kazanietz et al., 1992; Medkova and Cho, 1999) . 285 From our results, it also remains unclear whether GPCRs and RTKs are activated directly by 286 a focal mechanical stress. Previous studies reported that ATP release into extracellular spaces is 287 induced by a mechanical stretch (Grygorczyk et al., 2013; Takahara et al., 2014) . Takada et al. 288 reported that this extracellular ATP is released through mechanosensitive hemichannels and acts as 289 an autocrine mediator to activate GPCRs (Takada et al., 2014) . On the other hand, Hayakawa et al. 290 demonstrated that the increase in tension of actin stress fibers could activate MS channels and the 291 actin skeleton acted as a force-transmitting and-focusing device between integrin and MS channels 292 using ECs (Hayakawa et al., 2008) . Indeed, in this study, the Ca 2+ wave and PKC translocation 293 were not observed when MS channels were inhibited ( Fig. 6 ), suggesting that GPCRs and RTKs 294 might be activated by a focal mechanical stress via MS channel activation. 295 In this study, a focal mechanical stimulus induced the biphasic and directional PKC 296 translocation in single ECs. In its initial translocation that may involve the GPCRs signal pathway, 297 PKC is translocated toward the membrane in parallel with the Ca 2+ wave. In secondary 298 translocation, which may involve the RTKs signal pathway, PKC was accumulated to the focal 299 stimulus point after the Ca 2+ wave. However, Ca 2+ influx through MS channels from extracellular 300 space, not Ca 2+ release from ER, is required. PKC is involved in several physiological functions, 301 in the migration, proliferation, and angiogenesis of ECs (Bokhari et al., 2006; Newton, 2001 ; Wang Technologies, Carlsbad, CA, USA) for 1 h. Then, the preparation was washed three times with Yellowley, C. E., Jacobs, C. R. and Donahue, H. J. (1999) . Mechanisms contributing to fluidflow-induced Ca2+ mobilization in articular chondrocytes. J. Cell. Physiol. 180, 402-408. 
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